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Abstract. The PHENIX Experiment at the Relativistic Heavy Ion Collider has made
measurements of event-by-event fluctuations in the net charge, the mean transverse momentum,
and the charged particle multiplicity as a function of collision energy, centrality, and transverse
momentum in heavy ion collisions. The results of these measurements will be reviewed and
discussed.
.
1. Introduction
The PHENIX experiment at the Relativistic Heavy Ion Collider has made measurements of
several event-by-event fluctuation observables. These measurements include the following:
fluctuations in the net charge, which are sensitive to the charge distribution within the
collision volume; fluctuations in the mean transverse momentum, which are sensitive to critical
fluctuations in the temperature of the system and may be large in the presence of a phase
transition from hadronic matter to a Quark-Gluon Plasma (QGP); and fluctuations in charged
particle multiplicity, which appear to exhibit non-monotonic behavior as a function of centrality
at SPS energies.
However, each of these fluctuation observables are also sensitive to known processes
such as charge conservation, resonance decays, elliptic flow, and hard processes. Therefore
the contribution of these known processes must be thoroughly investigated before reliably
interpreting the results of the measurement.
Details about the PHENIX experimental configuration can be found elsewhere [1]. All of
the measurements described here utilized the PHENIX central arm detectors. The PHENIX
acceptance with a maximum acceptance of |η| < 0.35 in pseudorapidity and 180o in azimuthal
angle is considered small for event-by-event measurements. However, the event-by-event
multiplicities are high enough in RHIC heavy ion collisions that PHENIX has a competitive
sensitivity for the detection of fluctuation signals. For example, a detailed examination of the
PHENIX sensitivity to temperature fluctuations derived from the measurement of mean pT
fluctuations is described in [2].
2. Net Charge Fluctuations
A promising signature for the presence of a QGP is the observation of event-by-event fluctuations
in the net charge. It has been hypothesized that fluctuations in the net charge would be
significantly reduced in a QGP scenario, where the fractional electric charges of the quarks are
more evenly spread throughout the QGP volume than the unit electric charges of the hadrons in
a hadronic gas volume [3]. PHENIX has measured net charge fluctuations in Au+Au collisions
at
√
sNN = 130 and 200 GeV [4, 5]. The measurements have been made as a function of
centrality, pseudorapidity range, and azimuthal angle range. The fluctuations are quoted using
the variable v(Q) = V (Q)/ < Nch > where Q = N+ −N− is the net charge, Nch = N+ +N− is
the total number of charged particles, and V (Q) represents the variance of the net charge. The
expectations for the value of v(Q) are 1.0 for random particle emission, 0.75 for a resonance gas,
0.83 for a quark coalescence scenario, and 0.25 for a QGP in small acceptance ranges [6] .
Figure 1. The charge fluctuation variable
v(Q) as a function of centrality for
√
sNN
= 130 GeV (band) and
√
sNN = 200 GeV
(points) Au+Au collisions. Here, peripheral
to central collisions proceed from left to
right. The width of the band represents
the statistical error from the 130 GeV
measurement. The acceptance range is |η| <
0.35, pT > 200 MeV/c, and ∆φ = pi/2 in
azimuth.
Figure 2. v(Q) as a function of azimuthal
angle range for
√
sNN = 130 GeV (band)
and
√
sNN = 200 GeV (points) Au+Au 0-
10% central collisions. The width of the band
represents the statistical error from the 130
GeV measurement.
Shown in Fig. 1 are the PHENIX measurements as a function of centrality. The small
difference in the two datasets is due to the effect of tighter track cuts that effectively reduce the
acceptance in the
√
sNN = 200 GeV sample. For the 10% most central collisions with |η| < 0.35,
pT > 200 MeV/c, and ∆φ = pi/2, v(Q) = 0.965 ± 0.007(stat.) ± 0.019(syst.) for √sNN = 130
GeV and v(Q) = 0.969 ± 0.006(stat.) ± 0.020(syst.) (PHENIX Preliminary) for √sNN = 200
GeV Au+Au collisions.
The value of v(Q) must be adjusted for charge conservation by a factor of 1−p, where p is the
fraction of the charged particles produced within the acceptance range. v(Q) is also expected to
be reduced by the decay of neutral resonances. The reduction due to resonance decays should
decrease with increasing geometrical acceptance since more particle pairs from larger opening
angles will be included in the measurement. Fig. 2 shows the measurement of v(Q) as a function
of azimuthal angle range for the 10% most central collisions. The expected decrease in v(Q)
as the azimuthal range is increased is observed. The decrease is larger than the expectation
from charge conservation alone by more than 3 standard deviations. However, the decrease is
consistent with results from RQMD simulations [4] in the PHENIX acceptance, thus emphasizing
the importance of the resonance decay contribution. As a result, PHENIX measurements of
charge fluctuations are consistent with the expectations of statistically independent particle
emission.
3. Mean Transverse Momentum Fluctuations
Event-by-event fluctuations in the mean transverse momentum, MpT , may be sensitive to
temperature fluctuations near the QCD critical point [7]. PHENIX has measured the magnitude
of these fluctuations in Au+Au collisions at
√
sNN = 130 GeV and 200 GeV as a function of
centrality and pT [2, 9]. PHENIX measurements are quoted in the variable FpT = (ωdata −
ωbaseline)/ωbaseline in percent, where ω = σMpT / < N >. This observable can be related to other
fluctuation variables currently in use with some reasonable assumptions [8]. Here, the baseline,
random, distribution is constructed using mixed events. It is important that the number of
tracks, Ntracks, for the mixed events are sampled directly from the data distribution since the
standard deviation of the distribution of the event-by-event mean pT depends on Ntracks. Also,
no two tracks from the same data event are allowed to populate the same mixed event. FpT as
a function of centrality is shown in Fig. 3. A significant non-random fluctuation is observed for
all centralities.
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Figure 3. Mean pT fluctuations as a function
of centrality for
√
sNN = 200 GeV Au+Au
collisions. The curves are the results of a
model that estimates the relative contribution
due to jet production as a function of
centrality.
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Figure 4. Mean pT fluctuations as a function
of pT range (200 MeV/c < pT < pT,max) for√
sNN = 200 GeV Au+Au collisions. The
curve is the result of a PYTHIA-based model
that estimates the relative contribution due
to jet production as a function of centrality.
Since a positive signal is observed, contributions to the signal from known sources must
first be understood. Contributions from HBT, resonance decays, and elliptic flow have been
studied using simulations and are found to be very small or negligible. Another possible source
of the signal is from hard scattering processes, which are expected to produce event-by-event
correlations in pT , especially at higher pT . As shown in Fig. 4, the majority of the contribution
to the fluctuations occur at high pT . There is a 243% increase in the signal when the maximum
of the pT range over which the average pT is calculated increases from 1.0 to 2.0 GeV/c. This
very large increase cannot be attributed to statistical fluctuations, since the number of particles
increases by less than 15% over that range. In order to investigate the contributions due to jet
production, a data-driven two-component model consisting of 1) a simulation of soft processes
by reproducing the inclusive pT and Ntracks distributions as a function of centrality, and 2) a
simulation of hard scattering processes by embedding PYTHIA jet events at a given rate per
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Figure 5. Mean pT fluctuations as a function
of centrality for
√
sNN = 200 GeV Au+Au
collisions. The curves are the results of
HIJING 1.35 (default parameters) with jet
suppression, without jet suppression, and
without jets into the PHENIX acceptance.
 (GeV/c)maxTp
0 0.5 1 1.5 2
 
(%
)
TpF
0
1
2
3
4 PHENIX 200 GeV Au+Au, 20-25% centrality
HIJING with jet suppression
Figure 6. Mean pT fluctuations as a function
of pT range (200 MeV/c < pT < pT,max) for√
sNN = 200 GeV Au+Au collisions. The
curves are the results of HIJING 1.35 with
jet suppression into the PHENIX acceptance.
produced particle from step 1 (while conserving the Ntracks distribution). This rate is the only
free parameter in the simulation. After adjusting the rate so that the fluctuations match the data
in a reference centrality bin, the simulation is run as a function of centrality within the PHENIX
detector acceptance with a) the PYTHIA event embedding rate kept constant and b) with the
PYTHIA event embedding rate scaled by the measurement of the nuclear modification factor,
RAA. The results of the simulation superimposed with the PHENIX data are shown in Fig. 3 and
4. The simulation with the RAA-scaled rate agrees with the centrality-dependent (and also the
pT -dependent) trends remarkably well. Within this simulation, the decrease of fluctuations in
the most peripheral collisions is attributed to the fact that the signal begins to compete with the
magnitude of the statistical fluctuations, while most of the decrease of fluctuations in the most
central collisions may be attributed to the onset of jet suppression. Using the rate determined
from the PHENIX data, the simulation also reproduces the magnitude of fluctuations observed
by STAR [10] in 130 GeV Au+Au collisions [11]. Comparisons to the HIJING model are shown
in Figs. 5 and 6. Although HIJING qualitatively reproduces the pT -dependent trend, it does
not reproduce the centrality dependence. The reason for this is not yet understood.
One way to directly compare the fluctuation measurements from all of the experiments
is to estimate the magnitude of any residual event-by-event temperature fluctuations using
the prescription outlined in [12]. The most central collision fluctuation values correspond to
maximum temperature fluctuations of 1.8% in PHENIX, 1.7% in STAR, 1.3% in CERES, and
0.7% in NA49. Disagreement in the CERES and NA49 measurements may be due to differences
in the pseudorapidity region over which the measurement was made. In all cases, the residual
temperature fluctuations are small and do not significantly increase between SPS and RHIC
energies.
4. Charged Particle Multiplicity Fluctuations
Interest in the topic of charged particle multiplicity fluctuations has been recently revived by the
observation of non-monotonic behavior in the scaled variance as a function of system size at SPS
energies [13]. The scaled variance is defined as var(N)/ < N >, where var(N) represents the
variance of the multiplicity distribution in a given centrality bin, and < N > is the mean of the
distribution. The scaled variance of a Poisson distribution is 1.0, independent of N. PHENIX has
studied the behavior of charged particle multiplicity fluctuations as a function of centrality in√
sNN = 62 GeV and 200 GeV Au+Au collisions in order to investigate if this behavior persists
at RHIC energies.
Charged particle multiplicity fluctuations in terms of the scaled variance as a function of
centrality are shown in Fig. 7 for inclusive charged particles, Fig. 8 for positive particles, and
Fig. 9 for negative particles. Contributions from geometry fluctuations are included in these
measurements. While the 62 GeV fluctuations are relatively flat as a function of centrality,
the 200 GeV data exhibit a structure that peaks in mid-central collisions. The behavior of
the fluctuations at both energies are qualitatively different than that observed at the SPS,
where the scaled variance increases from central to peripheral collisions over this range. The
qualitative features of the data at both of the RHIC energies are the same for inclusive charge,
positively charged, and negatively charged particle distributions. Charge selection at RHIC
energies appears only to divide the value of (var(N)/ < N >)− 1 roughly by a factor of two.
It is well established that charged particle multiplicity fluctuation distributions in elementary
and heavy ion collisions are well described by negative binomial distributions (NBD) [14]. The
NBD of an integer m is defined by
P (m) =
(m+ k − 1)!
m!(k − 1)!
(µ/k)m
(1 + µ/k)m+k
(1)
where P (m) is normalized for 0 ≤ m ≤ ∞, µ ≡< m >. The NBD contains an additional
parameter, k, when compared to a Poisson distribution. The NBD becomes a Poisson
distribution in the limit k → ∞ - the larger the value of k, the more Poisson-like is the
distribution. The variance and the mean of the NBD is related to k by 1/k = σ2/µ2−1/µ, where
µ is the mean and σ is the standard deviation of the distribution. The PHENIX multiplicity
distributions are well described by NBD fits for all centralities. The extracted values of the k
parameter are shown in Fig. 10-12 as a function of centrality for inclusive charged, positively
charged, and negatively charged particles. Except for the most central collisions, the values of
k for the 62 and 200 GeV data are consistent with each other for all charge selections. There is
also little difference in k for the different charge selections and the k parameter sharply increases
in the most central collisions for both collision energies.
Some of the qualitative features seen in the data can be studied by examining results from
a preliminary HIJING simulation within the PHENIX acceptance. Fig. 13 shows the scaled
variance according to HIJING for the following conditions: a) jet energy loss activated, b) jet
energy loss deactivated, and c) jet production deactivated. According to this simulation, the
activation of jet production, which produces events that are correlated in multiplicity, may
explain the rise in the fluctuations seen in the 200 GeV data when going from central to
mid-central collisions. However, HIJING over-predicts the magnitude of the scaled variance.
Since the jet production cross section is much lower in 62 GeV collisions, their contribution
should be greatly reduced, thus the absence of significant jet contributions may explain why the
fluctuations are roughly independent of centrality. Shown in Fig. 14 are the NBD k parameter
results from the HIJING simulation for 200 GeV Au+Au collisions. With jet production
excluded, the distributions are well-described by Poisson distributions - the k parameter is
very large. Adding jet production introduces a non-Poissonian component to the distribution
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Figure 7. Inclusive charged particle
multiplicity fluctuations in terms of the scaled
variance as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions. The
error bars include statistical and systematic
errors.
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Figure 8. Positively charged particle
multiplicity fluctuations in terms of the scaled
variance as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions. The
error bars include statistical and systematic
errors.
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Figure 9. Negatively charged particle
multiplicity fluctuations in terms of the scaled
variance as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions. The
error bars include statistical and systematic
errors.
and reduces k to a value that is close to that of the data. There is little difference when including
or excluding energy loss.
In order to better understand the various sources of the multiplicity fluctuations, the
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Figure 10. Inclusive charged particle multi-
plicity fluctuations in terms of the k parame-
ter from a negative binomial distribution fit to
the data as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions.
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Figure 11. Positively charged particle multi-
plicity fluctuations in terms of the k parame-
ter from a negative binomial distribution fit to
the data as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions.
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Figure 12. Negatively charged particle mul-
tiplicity fluctuations in terms of the k parame-
ter from a negative binomial distribution fit to
the data as a function of centrality for
√
sNN
= 62 and 200 GeV Au+Au collisions.
fluctuations have been measured as a function of pT range, 200 MeV/c < pT < pT,max.
The results in terms of the NBD k parameter are shown for three centralities in Fig. 15-
17. The qualitative behavior of the fluctuations changes dramatically when comparing central
to mid-central collisions. This behavior may be consistent with what is expected from jet
suppression. In the most central collisions, jet suppression effectively dilutes the hard, non-
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Figure 13. Results from a Hijing 1.35
simulation filtered through the PHENIX
acceptance for inclusive charged particle
multiplicity fluctuations in terms of the scaled
variance as a function of Nparticipants for√
sNN = 200 GeV Au+Au collisions. Shown
are results of the simulation with the default
jet energy loss activated, without energy loss,
and with jet production deactivated. Note
that < N > differs greatly for these 3 cases.
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Figure 14. Results from a Hijing 1.35 sim-
ulation filtered through the PHENIX accep-
tance for inclusive charged particle multiplic-
ity fluctuations in terms of the k parameter
from a negative binomial distribution fit as a
function of Nparticipants for
√
sNN = 200 GeV
Au+Au collisions. Shown are results of the
simulation with the default jet energy loss ac-
tivated, without energy loss, and with jet pro-
duction deactivated.
Poissonian contribution to the distribution resulting in an increasing value of k. In non-central
collisions, the dilution of the non-Poissonian hard component is reduced and k decreases. This
could also explain the rapid increase in k as a function of centrality in the most central collisions.
More detailed simulations are being studied to better understand the measured trends and to
better estimate contributions from hard processes and geometry fluctuations.
5. Summary
PHENIX has measured fluctuations of charge, mean transverse momentum, and charged particle
multiplicity. PHENIX has demonstrated that despite the small acceptance, sensitive and
accurate measurements of fluctuation observables can still be made. The charge fluctuation
measurements are consistent with statistically independent particle emission. The mean
transverse momentum fluctuation measurements demonstrate that any residual temperature
fluctuations that may be present are very small, and are on the order of the fluctuations seen at
SPS energies. The multiplicity fluctuation measurements demonstrate a qualitative behavior as
a function of centrality that differs from measurements at SPS energies. There are interesting
prospects for future fluctuation measurements from PHENIX using the new Cu+Cu datasets
taken at
√
sNN=19, 62, and 200 GeV.
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